
(12) United States Patent 
Dry 

US006261360B1 

US 6,261,360 B1 
*Jul. 17, 2001 

(10) Patent N0.: 
(45) Date of Patent: 

(54) SELF-REPAIRING, REINFORCED MATRIX 
MATERIALS 

OTHER PUBLICATIONS 

Dry, Carolyn, “Building Materials, Which Evolve and Adapt 
(76) Inventor: Carolyn M. Dry, 1505 Park Haven Dr., Over Time—USe 0f Encapsulation Technology” P roceed' 

Champaign, IL (Us) 61821 ings of the ARCC Research Conference ’88, School of 
Architecture, University of Illinois, Urbana—Champaign, 

( * ) Notice: Subject to any disclaimer, the term of this Illinois, NOV- 13—15, 1988 (I10 month) 
patent is extended or adjusted under 35 Kroner, W., B. Givoni and CM. Dry, “Changeable Proper 
U.S.C. 154(b) by 0 days. ties of the Building Envelope—Adaptability to Changing 

Performance Requirements”, Proceedings of the 3rd Inter 
This patent is subject to a terminal dis- national Congress onBuildingEnergy Management, vol. IV, 
claimer. Lucerne, Switzerland, Sep. 28—Oct. 2, 1987, pp. 117—122. 

Dry, C., “Passive Tuneable Fibers and Matrices”, Interna 
(21) Appl, N()_j 09/447,894 tional Journal ofMoa'ern Physics B, vol. 6, Nos. 15 & 16, 

_ pp. 2763—2771, World Scienti?c Publishing Company, Riv 
(22) Flled: NOV‘ 23’ 1999 ers Edge, NJ, 1992 (no month). 

. . Dr , C., “Passive Smart Materials for Sensin and Actua 
Related [18' Apphcatlon Data tioh”, Journal of Intelligent Material Systemgs and Struc 

(63) Continuation of application No. 08/918,630, ?led on Aug. Hires’ V01‘ 4’ NO‘ 3’ ppi 415_41_8’ Blacksl’urg’ _VA’ Jul_' 1993' 
22, 1997, now Pat. No. 5,989,334, which is a continuation Dry, 0 “MatrlX Cracking repair and ?lling using active and 
of application No- 08/537228, ?led on Sep- 29, 1995, n_0W passive modes for smart timed release of chemicals from 
113:: lg?géggézgie‘ghécnh 11,568 clintllglglgtliggf $513322 ?bers into cement matrices”, Journal of Smart Materials 
which is a continuation-in-part of application No. 08/174, and Structure’ V01‘ 3’ NO‘ 2’ pp‘ 118_123’ Jun‘ 1994' 
751, ?led on Dec. 29, 1993, now Pat. No. 5,575,841, which Dry, C.M., “Smart Building Materials Which Prevent Dam 
is a continuation of application No. 07/540,191, ?led on Jun. age or Repair Themselves”, Nlat~ Res' Soc' Symp_ Proc VOL 
19’ 1990’ now abandoned‘ 276, pp. 311—314, Materials Research Society, 1992 (no 

month). 
IIlt. CL7 ......................... .. Dry, “Design of Systems for Delayed Activated 

C04B 14/42’ B32B 3/20’ C08] 9/32 Internal Release of Chemicals in Concrete from Porous 

Fibers, Aggregates or Prills, to Improve Durability”, Doc 
(52) US. Cl. ........................ .. 106/677; 106/711; 106/724; toral Dissertatiomvirgina polytechnic Institute, Blacksburg, 

106/729; 106/823; 106/802; 106/805; 106/676; VA, Jan” 1991_ 
106/819; 501/951; 75/300; 428/3202; Time Magazine, Apr. 8, 1966, “Capsule Solution for Count 

428/321.1; 428/321.5; 523/218; 523/219 less Problems”, p_ 70_ 
Kosmatka et al. “Design & Control of Concrete Mixtures”, 

(58) Field of Search ................................... .. 106/677, 676, Thirteenth Edition, 1988 PCA, pp 64_65 (no month) 
106/711, 724, 729, 819, 823, 802, 805; 

501/951; 75/300; 428/320.2, 321.1, 321.5, (List continued on next page.) 
364, 375; 523/218, 219 

Primary Examiner—Michael Marcheschi 
(56) References Cited (74) Attorney, Agent, or Firm—John W. Cornell 

U.S. PATENT DOCUMENTS (57) ABSTRACT 

3,179,600 4/1965 Brockett- Self-repairing, ?ber reinforced matrix materials include a 
374757188 10/1969 Woodhouse ct a1~ - matrix material including inorganic as Well as organic matri 
3’5O5’244 4/1970 Cessna ' ces. Disposed Within the matrix are holloW ?bers having a 
3,704,264 11/1972 German . - . . . . 

471097033 8/1978 Blankenhom . selectively releasable modifying agent contained therem. 
475877279 5/1986 salyer et a1‘ ' The holloW ?bers may' be morgamc or orgamc and of any 
479617790 10/1990 Smith et aL _ desired length, Wall thickness or cross-sectional con?gura 
5’232’769 8/1993 Yamato et a1_ _ tion. The modifying agent is selected from materials capable 
5,561,173 10/1996 Dry . of bene?cially modifying the matrix ?ber composite after 
5,575,841 11/1996 Dry . curing. The modifying agents are selectively released into 
5,660,624 8/ 1997 Dry - the surrounding matrix in use in response to a predetermined 
5,803,963 9/1998 DTY~ stimulus be it internal or externally applied. The holloW 
579897334 11/1999 Dry ' ?bers may be closed off or even coated to provide a Way to 

FOREIGN PATENT DOCUMENTS keep the modifying agent in the ?bers until the appropriate 
time for selective release occurs. Self-repair, smart ?ber 

0107086 5/1984 (EP)~ matrix composite materials capable of repairing 
0005529 1/1983 (JP) ' microcracks, releasing corrosion inhibitors or permeability 

' modi?ers are described as preferred embodiments in con 

0108262 4/1989 (JP) crete and polymer based shaped articles. 
0113436 5/1989 (JP) . 
0145383 6/1990 (JP) . 144 Claims, 15 Drawing Sheets 



US 6,261,360 B1 
Page 2 

OTHER PUBLICATIONS 

Dry, C. M., “Building Materials Which Evolve and Adapt 
Over Time”, Jun. 19, 1989. 
Vigo, T. L. and Frost, C. M., “Ternperature—Adaptable 
HolloW Fibers Containing Polyethylene Glycols” Apr., 1973 
(no rnonth). 
Geishauser, C. B. and Cady, P. D., “A Study of the Heat 
Treating Cycle for Internally Sealed Concrete Containing 
Montan—Paraf?n WaX Beads”, 1977. (no rnonth). 
Ivan Arnato, Science, Jan. 17, 1992, vol. 255, pp. 284—286, 
Research NeWs, Anirnating the Material World. 

C. Dry and NR. Sottos, Passive srnart self—repair in polymer 

matrix composite materials, School of Architecture, Univer 
sity of Illinois at Urbana—Charnpaign, Department of Theo 
retical and Applied Mechanics. Feb., 1993. 

Carolyn Dry, Passive Tuneable Fibers and Matrices, Inter 
national Journal of Modern Physics B, vol. 6, Nos. 15 & 16, 

pp. 2763—2771, World Scienti?c Publishing Company. 
1992. (being re—subrnitted because previous copy was 

incomplete). (no rnonth). 



U.S. Patent Jul. 17, 2001 Sheet 1 0f 15 US 6,261,360 B1 

F I G . 1 d I 

F I G . 1 a I 

"6661 171/066 
//////////////// > 6 
NIIIWI’L’IIIILILQ ///////‘° 

% 
F I G . 1 e 

F I G. 1 b 

06%» y/////////////// '7 
0mmnm0»0000mm //// 

/////////////////4 

F I G . 1 c 
I 

, + 

///, V////// 
00100» 00000» 

////////. ////// 



U.S. Patent Jul. 17, 2001 Sheet 2 0f 15 US 6,261,360 B1 

F I G . 2 a 

\\\\\\\\\\\\\\ 

REBAR W 
// X, 

F I G . 2 b R E B A R 

00» mm» 01$ F IG'Ze 
////////////////% 

REBAR ' ?WW/% 
REBAR 



U.S. Patent Jul. 17, 2001 Sheet 3 0f 15 US 6,261,360 B1 

FIG.3a 

FIG.4 %. 
/ // 

FIG.3b 

FIG.5 

FIG.3c 

N 

FIG.6b FIG.6a 



U.S. Patent Jul. 17, 2001 Sheet 4 0f 15 US 6,261,360 B1 

FIG] 
% ,2: - - - - - — - — — — — — ~ — — — — — —-—-— 3?;2::EEEZZEEEEEEEEZEEEEZE E 
=: 4/ 

\:D Vaccuum 
1W: Pump 

FIG‘? goggajgi ° 



U.S. Patent Jul. 17, 2001 Sheet 5 0f 15 US 6,261,360 B1 

FIG.9 LASER 

I 

V//{/////// ///////// ///01/ / 212W) )Dl DMD} DDDDHHH J) 
401)‘, HBEMW 

FIG.1O 
HYDROSTATIC PRESSURE 

/ 
00000010000100)» 

/////WWV// \\\\ 
F I G. 11 ACOUSTIC EXCITATION 

FIG.12 

V\VAVE OF LOW FREQUENCY 
// ////////// ///////////// 

)DDDDDD) 
) a \\\ 



U.S. Patent Jul. 17, 2001 Sheet 6 6f 15 US 6,261,360 B1 

FIG.1_3e 1116.14 

FIG.13b FIG.13f 

FIG.13c FIG.13g 

FIG.19 

FIG.13d FIG.13h CS3 

FIG.2O 

01270 O <> 0 



U.S. Patent Jul. 17, 2001 Sheet 7 0f 15 US 6,261,360 B1 

FIG.22b FIG.22d 
STRESS FIG.22c 

E 
1i w m\\m mm“ 9% _ H mm 

mew m m T@ 
“mm H H mm m m D 

WWW m m mm mm H “M 
m (1/ C Q Wm? ST__ emu" mmm m s m m w $0 1 E 

2. m F 



U.S. Patent Jul. 17, 2001 Sheet 8 0f 15 US 6,261,360 B1 

FIG.23a IMPERMEABLE BARRIER AND ACTIVE 
SMART SENSORS DETECT 

FEEDBACK Loop MOISTURE, VOLTAGE. CHLORIDE IONS 

PM») 
‘ 

\ HOLLOW FIBERS CARRYING 
ANTICORROSION CHEMICALS 

FIG.23b 

REBAR 

ANTICORROSION CHEMICAL 

FIG.23c 
WATER 

REBAR H0 u 



U.S. Patent Jul. 17, 2001 Sheet 9 0f 15 US 6,261,360 B1 

FIG.2 3d FEIEQBACK 

/ \ SENSORS /BARRIER 
GALVANIC CELL 

REBAR 

0>>>>>>>>>>>>>>>>>>>>>>>0p) 
FIG.236 FEIEDI‘3ACK 

REBAR 

CHARGED IONS 



U.S. Patent Jul. 17, 2001 Sheet 10 0f 15 US 6,261,360 B1 

FIG.24a 

FIG.24b * APPIIIEF TOAD 



U.S. Patent Jul. 17, 2001 Sheet 11 0f 15 US 6,261,360 B1 

FIG.25a 

FIG.25b 

FIG.26a 
LIGHT 

TRANSMISSION 

REPAIR cHEMicAL’ ' " " APPLIED LOAD 

FIG.26b 



U.S. Patent Jul. 17, 2001 Sheet 12 0f 15 US 6,261,360 B1 

FIG.27a 

APPLIED LOAD 

FIG.27b 



U.S. Patent Jul. 17, 2001 Sheet 13 0f 15 US 6,261,360 B1 

FIBER WALL 
CONCRETE ER COATING 

OPTICAL 
FIBER 

171G288. 

REFRACTORY REPAIR CHEMICAL 
INDEX 

APPLIED LOAD 

FIG.28b 

FIG28C 



U S Patent Jul. 17, 2001 Sheet 14 0f 15 US 6,261,360 B1 

SEPTUMS OR BRAGG 
0P';ICAL GRATINGS 

a 
a 

IIYIIITIIIIIIIIIIIIVIIIIIIIIIIITTIII 

\ CHEMICAL OPTICAL FIBER/ 

APPLIED LOAD 
\l 1 1 



U.S. Patent Jul. 17, 2001 Sheet 15 0f 15 US 6,261,360 B1 

FIBER WALL FIBER COATING 
OPTICAL FIBER OPTICAL MIRROR 

FIG.30a 

F IG.30b 

FIGBOC 

FIG.30d 

VACCUU'M ' ____ _ _' 

PUMP 

RESERVOIR OF 
REPAIR CHEMICAL 



US 6,261,360 B1 
1 

SELF-REPAIRING, REINFORCED MATRIX 
MATERIALS 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

This application is a Continuation of my prior application 
Ser. No. 08/918,630, ?led Aug. 22, 1997, noW U.S. Pat. No. 
5,989,334, Which is a Continuation of Ser. No. 08/537,228, 
?led Sep. 29, 1995, now US. Pat. No. 5,660,624, Which is 
in turn a Continuation of Ser. No. 08/189,665, ?led Feb. 1, 
1994; noW abandoned, Which is a Continuation-In-Part of 
Ser. No. 08/174,751, ?led Dec. 29, 1993, now US. Pat. No. 
5,575,841, Which is in turn a Continuation of Ser. No. 
07/540,191; ?led Jun. 19, 1990, noW abandoned. 

BACKGROUND OF THE INVENTION 

The present invention generally relates to matrix materials 
for use in a Wide variety of end use ?elds and applications. 
More particularly, the invention relates to neW and improved 
self-repairing, settable or curable matrix material systems 
containing so-called smart-release ?ber reinforcements, 
alone or in combination With other reinforcement. My prior 
parent application, Ser. No. 540,191, ?led Jun. 19, 1990, 
describes the neW and improved inorganic and organic 
matrix composites employing concrete matrix systems and 
asphalt matrix systems as illustrative embodiments. That 
prior application describes smart-release holloW ?ber addi 
tives in settable construction materials and thermoplastic 
matrices, such as asphalt. This application is being ?led to 
describe other embodiments of the smart-release matrix 
composite materials generally described in my earlier appli 
cation and to provide additional examples of end use appli 
cations to Which these neW and improved compositions, 
articles and methods may be specially adapted and used. 

Cement is a ?ne, gray poWder consisting of alumina, lime, 
silica and iron oxide Which sets to a hard material after 
mixture With Water. Cement, along With sand and stone 
aggregate, make up concrete, the most Widely used building 
material in the World. Steel reinforcing bars (rebars) are 
commonly added to the interior of concrete for additional 
strength. 

There are many reasons for the popularity of concrete. It 
is relatively inexpensive, capable of taking on the shape of 
a mold, has exceptionally high compression strength and is 
very durable When not exposed to repeated freeZe-thaW 
cycles. HoWever, as a building or construction material, 
concrete, Whether it is reinforced or not, is not Without some 
shortcomings. One major draWback of concrete is that it is 
relatively loW in tensile strength. In other Words, it has little 
ability to bend. Concrete also has little impact resistance and 
is frequently brittle. A third major draWback is that its 
durability is signi?cantly reduced When it is used in appli 
cations Which require it to be exposed to repeated freeZe 
thaW cycles in the presence of Water. Concrete is relatively 
porous and Water is able to permeate the material. Freezing 
and thaWing With the accompanying expansion and contrac 
tion of the Water, forms cracks in the concrete. Furthermore, 
if salt is also present in the environment, it dissolves in the 
Water and permeates into the concrete Where it is capable of 
inducing corrosion in any of the rebars or other metallic 
reinforcements present. 

Various techniques have been suggested in the past for 
overcoming these drawbacks. The addition of ?bers to 
concrete has improved its tensile strength but has decreased 
its compression strength. Providing exterior coatings on the 
outer surfaces of the concrete has reduced Water permeation, 
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2 
but it is a time-consuming additional step and has little, if 
any, effect on the lasting strength of the concrete. The 
addition of modifying agents as freely-mixed additives into 
a concrete mixture before setting has also been tried. These 
efforts have met With generally unsatisfactory results. 
Attempts to add modifying agents in the form of micron 
odules or prills have also been tried. Frequently, the prills are 
designed to be heat melted to cause release of the modifying 
agent into the matrix after setting of the materials. These 
designs require the application of heat to release the ben 
e?cial additive into the matrix after cure. Moreover, the 
melted, permeated agents leave behind voids in the concrete 
Which Weakens the overall structure under load. 
Accordingly, a demand still exists for an improved concrete 
matrix material having greater tensile strength, greater dura 
bility and comparable or improved compression strength. 

In addition to cementitious building materials, the use of 
polymer composites as structural materials has groWn tre 
mendously in recent years. Polymer composite materials 
have advantages over steel or concrete including good 
durability, vibration damping, energy absorption, electro 
magnetic transparency, toughness, control of stiffness, high 
stiffness to Weight ratios, loWer overall Weight and loWer 
transportation cost. These polymer matrix materials com 
prise a continuous polymer phase With a ?ber reinforcement 
therein. Some polymer composite materials are three times 
stronger than steel and ?ve times lighter. They have here 
tofore been generally more expensive but their use may, in 
the long term, be economical because of their greatly 
reduced life cycle costs. Europeans have made bridges 
completely of specialty polymer matrix composite materials. 
The polymer composite materials may be used as rebars, 
tensioning cables, in bonded sheets, Wraps, decks, supports, 
beams or as the primary structures for bridges, decks or 
buildings. Structures made from polymer matrix materials 
are specially effective in aggressive environments or are 
Well adapted for building structures Where electromagnetic 
transparency may be needed for highWays, radar installa 
tions and hospitals. 
As used herein, matrix composite materials may refer to 

generally any continuous matrix phase Whether it comprises 
a settable construction material such as cementitious mate 
rials or a thermoplastic material such as asphalt materials, as 
Well as, other synthetic or natural high polymer materials, 
ceramics, metals and other alloy materials. The matrix 
composite materials include various ?ber reinforcements 
therein distributed throughout the matrix or placed at desired 
locations Within the continuous phase. The matrix composite 
materials may be fabricated as large building structures and 
load bearing shaped articles, or they may be molded or 
machined as small parts for specialty uses. For example, the 
matrix material may comprise a thin sheet or Web of material 
in the form of a foil, Wrap, tape, patch or in strip form. As 
presently used in this speci?cation, the term matrix com 
posite material does not necessarily refer to large civil 
engineering structures such as highWays and bridges. 

In connection With the polymer and/or metal or ceramic 
matrix composite materials, as Well as, in the settable 
building materials such as concrete materials, special prob 
lems cause structures made from these materials to become 
aged or damaged in use. More particularly, special structural 
defects arise in use including microcracking, ?ber 
debonding, matrix delamination, ?ber breakage, and ?ber 
corrosion, to name but a feW. Any one of these microscopic 
and macroscopic phenomena may lead to failures Which 
alter the strength, stiffness, dimensional stability and life 
span of the materials. Microcracks, for example, may lead to 
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major structural damage and environmental degradation. 
The microcracks may groW into larger cracks With time and 
cause overall material fatigue so that the material deterio 
rates in long-term use. 

Advanced matrix composites used in structural applica 
tions are susceptible to damage on both the macro- and 
microscopic levels. Typical macroscopic damage to com 
posite laminates involves delaminations and destruction of 
the material due to impact. On the micrographic scale, 
damage usually involves matrix microcracking and/or deb 
onding at the ?ber/matrix interface. Internal damage such as 
matrix microcracking alters the mechanical properties of 
shaped articles made therefrom such as strength, stiffness 
and dimensional stability depending on the material type and 
the laminate structure. Thermal, electrical and acoustical 
properties such as conductance, resistance and attenuation 
have also been shoWn to change as matrix cracks initiate. 
Microcracks act as sites for environmental degradation as 
Well as for nucleation of microcracks. Thus, microcracks can 
ultimately lead to overall material degradation and reduced 
performance. 

Moreover, prior studies have shoWn that microcracks 
cause both ?ber and matrix dominated properties of the 
overall composite to be effected. Fiber dominated properties 
such as tensile strength and fatigue life may be reduced due 
to redistribution of loads caused by matrix damages. Matrix 
dominated properties on the other hand such as compressive 
residual strength may also be in?uenced by the amount of 
matrix damage. The impact responses of toughened polymer 
matrix composites have been studied and it has been shoWn 
that matrix cracking precedes delamination Which, in turn, 
precedes ?ber fracture. Tough matrices Which can reduce or 
prevent matrix cracking tend to delay the onset of delami 
nation Which results in an improved strength composite and 
longer lasting composite material. 

Repair of damages is a major problem When these matrix 
composite materials are employed in large-scale construc 
tion or advanced structures. Macroscale damage due to 
delamination, microcracking or impacts may be visually 
detected and can be repaired in the ?eld by hand. Microscale 
damage occurring Within the matrix is likely to go undetec 
ted and the damage Which results from this type of break 
doWn may be difficult to detect and very dif?cult to repair. 

In order to overcome the shortcomings of the prior art 
construction and polymer matrix composite materials, it is 
an object of the present invention to provide neW and 
improved smart structural composite materials having a 
self-healing capability Whenever and Wherever cracks are 
generated. 

It is another object of the present invention to provide neW 
and improved composite materials including self-repairing 
reinforcing ?bers capable of releasing chemical agents into 
the local microscopic domains of the matrix to repair matrix 
microcracks and rebond damaged interfaces betWeen ?bers 
and matrices. 

It is a further object of the present invention to provide a 
neW and improved structural material. 

It is another object of the present invention to provide a 
neW and improved cementitious material. 

It is still a further object of the present invention to 
provide a neW and improved cementitious or other construc 
tion composite material having greater durability and greater 
tensile strength. 

It is still another object of the present invention to provide 
a neW and improved matrix composite materials containing 
smart self-repairing ?ber reinforcement containing repair 
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4 
chemicals therein Which may be released by the smart ?bers 
as needed in response to an external stimulus, and optionally 
Which may be re?lled With additional repair chemicals as 
needed in the ?eld. 

SUMMARY OF THE INVENTION 

In accordance With these and other objects, the present 
invention provides neW and improved shaped articles com 
prising: 

a shaped or cured matrix material having a plurality of 
holloW ?bers dispersed therein, said holloW ?bers having a 
selectively releasable modifying agent contained therein, 
means for maintaining the modifying agent Within the ?bers 
until selectively released and means for permitting selective 
release of the modifying agent from the holloW ?bers into 
the matrix material in response to at least one predetermined 
external stimulus. In accordance With this invention the 
shaped articles are matrix composite materials of varying 
siZe and end use applications. The cured matrix materials 
have Within them smart ?bers capable of delivering repair 
chemicals into the matrix Wherever and Whenever they are 
needed. 
The present invention also provides a neW and improved 

method for providing shaped articles having long-term dura 
bility and environmental degradation resistance comprising 
the steps of providing a curable matrix composition, distrib 
uting a plurality of holloW ?bers therein in desired manner 
so that the holloW ?bers are disposed Within the matrix 
material in a desired predetermined distribution. The holloW 
?bers are ?lled With a selectively releasable modifying agent 
therein Which is not released during the mixing or distrib 
uting step. The ?bers are structured so that the modifying 
agents stay Within the interior spaces or cavities of the ?bers 
Within the matrix until the matrix is cured or set. After 
curing, the modifying agents are selectively released from 
the ?bers by application or action of at least one predeter 
mined external stimulus. 

In a preferred embodiment, the method of providing a 
improved durability shaped article comprises providing a 
cured matrix material containing smart self-repair ?bers 
reinforcement therein. 
The principles of the present invention are applicable to 

space age polymer, metal and/or ceramic structural matrix 
composite materials as Well as more conventional cementi 
tious settable or curable building or construction materials. 

Other objects and advantages Will become apparent from 
the folloWing Detailed Description of the Preferred 
Embodiments, taken in conjunction With the DraWings in 
Which: 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIGS. 1a—1f are schematic vieWs of the neW and 
improved self-repairing ?ber reinforced matrix composite 
material in accordance With the present invention, illustrat 
ing a smart matrix repair sequence of load-induced cracking, 
modifying chemical release and subsequent rebonding and 
repair of the ?ber and matrix and Wherein FIG. 1a shoWs the 
smart ?ber reinforced matrix composite prior to loading, 
FIG. 1b shoWs a lateral loading of the composite; FIG. 1c 
shoWs a crack formed through the smart ?ber and matrix in 
response to the load, FIG. 1a' shoWs release of modifying 
agent from the cracked smart ?ber, FIG. 16 shoWs that the 
repair adhesive modifying agent ?oWs to ?ll the cracks in the 
?ber and matrix, and FIG. 1f shoWs setting of the adhesive 
to rebond ?ber to ?ber, ?ber to matrix and matrix to matrix 
to structurally repair the load induced cracking; 
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FIGS. 2a—2e are schematic views of the neW and 
improved self-repairing ?ber reinforced matrix composite 
material in accordance With this invention, illustrating a 
smart matrix repair sequence of salt or pH change penetra 
tion into the matrix adjacent a smart ?ber Wrapped rebar 
reinforcement causing dissolution of the pH sensitive 
coating, thereby releasing anticorrosion modifying agents in 
the domain or vicinity of the rebar to prevent corrosion of 
the rebar and shoWing the smart ?ber Wrapped rebar dis 
posed in a matrix prior to chemical intrusion in FIG. 2a, 
intrusion of chloride or carbon dioxide into the matrix and 
causing a pH change in the matrix in FIG. 2b, a breakdoWn 
of pH sensitive coating on the smart ?bers caused by pH 
changes in the matrix due to chemical intrusion in FIG. 2c, 
subsequent release of the anti-corrosion chemical from the 
smart ?bers noW rendered porous due to the breakdoWn of 
the coating in the viscinity of the rebar in FIG. 2a' and 
illustrating released chemical corrosion protection chemi 
cals around the rebar and preventing corrosion of the rebar 
in FIG. 26; 

FIGS. 3a—3c are schematic vieWs of the neW and 
improved self-repairing ?ber reinforced matrix composite 
material in accordance With this invention, illustrating a 
smart matrix repair sequence of freeZe/thaW protection 
including freeZe induced release of antifreeZe from the ?bers 
to provide an antifreeZe-containing matrix to reduce freeZe/ 
thaW damage and shoWing a Water-based anti freeZe con 
taining smart ?ber reinforced matrix in FIG. 3a, a release of 
antifreeZe from the smart ?ber into the matrix upon exposure 
to loWer temperatures caused by freeZing expansion of Water 
based antifreeZe in FIG. 3b and shoWing a matrix after 
release containing distributed antifreeZe in FIG. 3c to loWer 
freeZing temperature of the matrix and reduce freeZe thaW 
damage; 

FIG. 4 is a schematic vieW of the neW and improved smart 
?ber reinforced matrix composite material in accordance 
With the present invention, illustrating a release, repair 
mechanism in Which the ?ber is debonded from the coating 
and matrix in response to an applied load to release the 
modifying agent from the uncoated ?ber pores; 

FIG. 5 is a schematic vieW of a smart ?ber reinforced 
matrix composite material in accordance With this invention, 
illustrating a release, repair mechanism in Which an applied 
load causes dimensional changes in the ?ber promoting 
release of modi?er from the ?ber into the matrix; 

FIGS. 6a and 6b are schematic vieWs of a neW and 
improved matrix composite material in accordance With this 
invention, illustrating a tWisted ?ber bundle smart ?ber 
matrix in FIG. 6a and illustrating release and repair from 
tWisted ?ber bundles, Whereby compressive loading causes 
unlocking of the tWisted ?ber bundles to release modifying 
agent into the adjacent matrix as shoWn in FIG. 6b; 

FIG. 7 is a schematic vieW of a neW and improved 
self-repairing ?ber reinforced matrix composite material and 
system in accordance With the preferred embodiment of this 
invention, Whereby a smart ?ber disposed Within the matrix 
may be re?lled With replacement modi?er as needed by 
draWing modi?er into the ?bers using a vacuum pump; 

FIG. 8 is a schematic vieW of a ?ber reinforced matrix 
composite material in accordance With another preferred 
embodiment of the invention, illustrating a matrix contain 
ing a netWork of interconnected smart ?bers into Which 
additional modifying chemicals may be added from the 
exterior of the matrix in use; 

FIG. 9 is a schematic vieW of the neW and improved 
matrix composite material in accordance With this invention, 
illustrating a light activated release mechanism employing 
lasers; 
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FIG. 10 is a schematic vieW of the neW and improved 

self-repairing matrix composite material in accordance With 
this invention, illustrating a hydrostatic pressure induced 
release and repair mechanism; 

FIG. 11 is a schematic vieW of a smart ?ber reinforced 
matrix composite material Wherein the modifying agents are 
released from the ?bers by acoustic excitation; 

FIG. 12 is a schematic vieW of a smart ?ber reinforced 
matrix composite material of this invention, illustrating 
seismic or loW frequency Wave-induced modifying agent 
release mechanism; 

FIGS. 13a and 136 are schematic vieWs comparing the 
corrosion of rebars possible With conventional cement rebar 
reinforced matrices of the prior art, as shoWn in FIG. 13a, 
With the corrosion prevention provided by the neW and 
improved smart ?ber matrices of this invention, shoWn in 
FIG. 13e; 

FIGS. 13b and 13f are schematic vieWs illustrating a 
comparison of the permeability of prior matrices, shoWn in 
FIG. 13b, With the impermeability produced by the smart 
matrix permeability modi?cation agent release mechanisms 
in accordance With this invention shoWn in FIG. 13f; 

FIGS. 13c and 13g schematically illustrate the internal 
cracking problems associated With prior art freeZe/thaW 
damage to prior art matrices, shoWn in FIG. 13c, in com 
parison With the antifreeZe containing smart matrix com 
posite in accordance With this invention shoWn in FIG. 13g; 

FIGS. 13d and 13h illustrate the load-induced cracking 
schematically illustrated for a prior art matrix, shoWn in 
FIG. 13d, in comparison With the internally released crack 
prevention and ?lling smart ?ber matrices in accordance 
With the present invention, shoWn in FIG. 13h; 

FIG. 14 is a schematic vieW of a neW and improved smart 
?ber having a notched Wall con?guration; 

FIG. 15 is a schematic vieW of a neW and improved smart 
?ber having a bulging spheroidal portion and along its 
cross-sectional con?guration; 

FIG. 16 is a schematic vieW of a V-shaped smart holloW 
?ber in accordance With this invention; 

FIG. 17 is a schematic vieW of a double lumen smart ?ber 
tubing in accordance With this invention; 

FIG. 18 is a U-shaped smart ?ber tubing in accordance 
With this invention; 

FIG. 19 is a schematic vieW of an alternate smart ?ber 
con?guration including an A-shaped tapering enlarged area 
along the length thereof; 

FIG. 20 illustrates a coaxial concentric assembly of a 
polypropylene inner holloW ?ber surrounded by an outer 
brittle glass ?ber in accordance With a preferred embodi 
ment; 

FIG. 21 is a schematic vieW of a neW and improved 
anticorrosion composite matrix in accordance With this 
invention, illustrating the use of redundant protective fea 
tures to provide an enhanced anticorrosion reinforced con 

crete member; 
FIGS. 22a—22a' are schematic vieWs illustrating the use of 

specialty pieZoelectric smart repair ?bers to provide selec 
tive release and repair of ionically charged ion modifying 
agents in response to compressive loading; 

FIG. 23a is a schematic vieW of an alternate embodiment 
of a self-repairing ?ber reinforced matrix composite material 
in accordance With this invention, illustrating the use of a 
smart matrix repair ?ber Wrapped rebar in combination With 
an impermeable barrier layer equipped With sensors to detect 
























